The motivation of this study was design, fabrication and characterization of bolt-clamped Langevin type transducers (BLT) from lead-free K 0.5 Na 0.5 NbO 3 (KNN) based piezoceramics for high-power ultrasonic cutting applications. Hard and lead-free KNN piezoceramics was obtained by adding K 4 CuNb 8 O 23 (KCN) together with ZnO and SnO 2 . Densification and high-power characteristics of KNN-KCN piezoceramics were enhanced in the presence of ZnO and SnO 2 . BLTs made from hard PZT4 (commercial Pb(Zr,Ti)O 3 ) or Zn,Sn co-doped KNN-KCN piezoceramic rings (KNN-KCN-ZnSn) were modelled through ATILA finite element analysis software package. Simulated and experimentally measured impedance spectra, resonance modes and harmonic analysis results of BLTs were compared with each other. Longitudinal vibration displacement at the tip of the horns of BLTs at approximately 30 kHz was measured via photonic sensor device to compare their performances. At the end, based on the simulation and experimental results, a prototype ultrasonic cutting device was fabricated from lead-free KNN-KCN-ZnSn piezoceramic rings. Its cutting action on both plastic and ceramic materials was demonstrated for the first time. In summary, it was found that a hard KNN-KCN based lead-free piezoceramics were good potential replacements for their lead-based counterparts for commercial high-power BLT applications.
I. Introduction
Piezoelectric materials have been widely used in various military and non-military applications in today's modern world. Smart materials exhibiting piezoelectric effect are, therefore, demanded in many areas like informatics, communication, transportation, energy, medicine etc. as sensors, actuators, generators and transducers [1] [2] [3] . It was estimated that global market size for piezoelectric devices should have reached ∼38 billion US dollars in 2017 [3] . Furthermore, the market have been dominated mainly by lead based Pb(Zr x Ti 1-x )O 3 (abbreviated as PZT) piezoceramics since the 1960s [1, 3] . As a matter of fact, compositionally modified PZT based ceramics have superior electrical and electromechanical properties that are crucial in making var-ious products. However, owing to the toxicity of lead for public health and environment, replacing lead-based piezoceramics with their lead-free counterparts have been encouraged. Especially, The EU's Restriction of Hazardous Substances (RoHS) Directive in 2003, which was later updated in 2011, has encouraged research activities on lead-free piezoceramics [4] . Eventually, the efforts bore fruit and in 2004 Saito et al. [5] announced one of the most promising lead-free piezoceramic candidates exhibiting comparable electromechanical properties to those of the lead-based counterparts made from (K 1-x Na x )NbO 3 (abbreviated as KNN for x = 0.5). This breakthrough achievement drew researchers' attention and the recent studies have been mainly focused on the development of new lead-free piezoceramics. However, it is as equally important to put the research outcome into use for society's benefit. According to Rödel et al. [1] vision, published in 2015, researches on appli-E. Akça & H. Yılmaz / Processing and Application of Ceramics 13 [1] (2019) [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] cation oriented developments of lead-free piezoceramics would dominate the researches on lead-free piezoceramics by the 2020s.
The first commercial lead-free piezoceramic transducer was marketed by Honda Electronics (relevant paper published in 2009 [6] ) as bolt-clamped Langevin type transducer (BLT) for ultrasonic cleaning application. BLTs are typical high-power ultrasonic applications of transducers and basically consist of two or more ring shaped piezoelectric materials sandwiched between a back mass and a front mass by a pre-stressed screw bolt. BLTs, which are usually operated in the frequency range from 20 to 100 kHz, have been currently used in areas where high ultrasonic vibrations are required [7, 8] . Ultrasonic cleaning, cutting, drilling, welding, forming, machining and sonochemistry are some common examples where BLTs are regularly employed [8] [9] [10] [11] [12] [13] [14] [15] [16] . Usually, Navy type I (PZT4) and Navy type III (PZT8) piezoceramic rings exhibiting hard character are the first choice as active elements in commercial BLTs because of their low mechanical and electrical losses. Although several promising lead-free piezoceramics have been developed since 2000s, hard PZT piezoceramics still dominate studies on BLTs for highpower ultrasonic applications [9, 11, [15] [16] [17] [18] [19] . Unfortunately, there were very few studies on the application of BLTs for ultrasonic devices made from eco-friendly lead-free piezoceramics in literature [6, [20] [21] [22] [23] [24] . In the relevant rare studies, modified KNN or (Na,Bi)TiO 3 (NBT) based piezoceramics were used for ultrasonic cleaning or ultrasonic wire-bonding applications. However, the piezoceramics in most of those studies [20] [21] [22] 24] may not be the best choices among the candidates for high-power application, except the ones in the study of Tou et al. [6] . In most of these studies, the piezoceramics exhibited a low mechanical quality factor (Q m ) between 80 and 140 and a high dielectric loss (tan δ) at about ∼2%, resembling soft type piezoceramics, which are usually not good enough in making BLTs [20] [21] [22] 24] . It is known that the widely used leadbased hard piezoceramics, such as PZT4 and PZT8, in most of the high-power ultrasonic applications possess a high Q m (500-1000) and a low tan δ (0.4-0.6%) [25, 26] . Piezoelectric ceramics for high-power applications should have low electrical (tan δ) and mechanical losses (tan δ m = 1/Q m ) in order to minimize the power dissipation which results in the internal heating during operation [25] . The rise in the temperature due to these losses may be detrimental to the device or restricts its use extensively. The need for a hard lead-free piezoceramic which have comparable electrical and electromechanical properties to those of lead-based hard PZTs still continues [1, 25, [27] [28] [29] .
In this study, an ultrasonic cutting device, which is a typical high-power application of BLT, was made from hard KNN-based piezoceramics. It is well known that the main drawback in the uses of KNN as a piezoceramics is its poor electrical reproducibility associated with its poor sinterability in the pure form. That is why KNN piezoceramics were sintered with additives (or dopants) to overcome abovementioned problems. Additives such as CuO, ZnO, SnO 2 , Li 2 O, MnO 2 , V 2 O 5 , GeO 2 and SrCO 3 were reported to promote densification in KNN piezoceramics [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The hard character of piezoceramics with perovskite structure is induced via A-site or B-site acceptor doping, by "pinning" the domain walls [29, 40] . However, some of the additives such as CuO and K 4 CuNb 8 O 23 (the latter one is abbreviated as KCN), not only enhance densification but also induce hard character within KNN piezoceramics [26, 33, 38, [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] . Processing, microstructure, hardening mechanism, thermal stability as well as piezoelectric, dielectric and elastic properties of KCN modified KNN based piezoceramics were reported previously [26, [46] [47] [48] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . Isothermal and dynamic sintering kinetic studies, and electrical and electromechanical characterizations of doped KNN-KCN piezoceramics as well as making of an ultrasonic cutter and homogenizer from these piezoceramics were done by Akça [65] . The effects of various oxide addition on sintering behaviour and electrical properties of eco-friendly hard KNN-KCN piezoceramics were studied in our previous work [66] . It was found that especially addition of ZnO and SnO 2 enhanced densification of KNN-KCN piezoceramics by lowering the sintering temperature by 40°C without deteriorating dielectric and piezoelectric properties as well as its hard character [66] .
In the current study, the effect of ZnO and SnO 2 addition on the electrical and electromechanical properties of KNN-KCN piezoceramics and their use as a transducer for a high-power ultrasonic application were reported. Fabrication and characterization of a prototype BLT type ultrasonic cutting device made from lead-free KNN piezoceramic rings were done as well.
II. Experimental
The raw materials for preparation of the undoped and Zn,Sn-doped KNN-KCN ceramics were K 2 CO 3 (Merck, 99%), Na 2 [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] with 0.5 mol% KCN together with polymeric binder solution consisting of ethanol, fish oil (Sigma-Aldrich), polyvinyl butyral (Sigma-Aldrich) and dioctyl phthalate (Sigma-Aldrich). The undoped and doped compositions were named as KNN-KCN and KNN-KCN-ZnSn, respectively. Green samples were uniaxially pressed in a 31.5 mm diameter steel mould at 100 MPa before the binder burn-out process by holding them at 275°C for 1 h and at 600°C for 1 h with 1°C/min heating rate in between these holding temperatures. Then, KNN-KCN and KNN-KCN-ZnSn ceramics were sintered in the air atmosphere at 1120°C for 2 h and 1080°C for 2 h, respectively, at 5°C/min heating and 10°C/min cooling rates. In order to compensate for the possible weight loss due to possible alkali volatilization, the samples were sintered in KNN powder bed. Densities of the sintered samples were measured by the Archimedes' technique. The standard deviation in densities was calculated at least from five different samples.
Full set of electromechanical coefficients of poled KNN piezoceramics (∞m Curie group) were basically measured in accordance with the method set out in the IEEE standards on piezoelectricity [67] . Besides, the shear mode coefficients were measured by using length shear vibrators [68] . The parallel surfaces of the sintered discs were polished using 1200-grit SiC paper. Samples with special geometry and dimensions were also cut by using precision cutting disc. The samples were electroded by silver paste and then baked in the air atmosphere at 600°C for 30 min. Poling was done in a silicone oil at 120°C for 15 min at 50 kV/cm before cooling the samples down to RT under electrical field. The piezoelectric charge coefficient (d 33 ) was measured 24 h after the poling process by using a Berlincourt d 33 -meter (Sinocera, YE2730A). Meanwhile, the variation of dielectric constant (ε T 33 /ε 0 ), and planar coupling coefficient (k p ) as a function of temperature and the orthorhombic-tetragonal phase transition temperature (T O→T ) of the poled ceramic disc were determined using LCR meter (Hioki, .
Simulation studies were done using ATILA (version 6.0.0.6) finite element analysis (FEA) software with the GID (version 10.0.9) pre/postprocessor. ATILA is a commercially available FEA software package, which is specifically developed for the modelling and analysis of devices made from piezoelectric or magnetostrictive materials [69, 70] . It was at this stage where optimum geometries and dimensions of all parts that make up a BLT were determined. Subsequently, the parts made from metal such as back masses and horns were manufactured with a maximum dimensional tolerance of 1% via universal lathe.
The longitudinal displacement on the tip of the horn of BLTs, at the working frequency, was measured by using a high resolution non-contact photonic sensor (MTI-2000) equipped with a high precision fiber-optic probe. In order to drive the BLT, a voltage with a sinusoidal waveform was first created by using a function generator (Rigol DG1022) which was later amplified through an amplifier (NF HSA-4052), and the response of BLT was monitored by the photonic sensor and recorded at the same time by an oscilloscope (Agilent D50-X 2024A).
III. Characterization of KNN-based ceramics
The optimum sintering temperature was found to be 1120°C with a relative density of 98 ± 0.2% TD for the undoped KNN-KCN ceramics, whereas it was found to be 1080°C with a relative density of 99 ± 0.2% TD for Zn,Sn co-doped ones. A decrease in the optimum sintering temperature of KNN-KCN by 40°C was attributed to the eutectic reaction between ZnO and KCN. It is a well-known fact that copper oxide based additives, such as CuO or KCN, play important role in improving sinterability of KNN by liquid phase formation [60, 61] [32, 34, 39, 71] . In previous works, the addition of ZnO into Cu-doped KNN ceramics was stated to result in the formation of liquid phase at lower temperatures due to the eutectic reaction between ZnO and CuO [34] . Moreover, the incorporation of Zn 2+ ions into the Cu-rich secondary phase accumulated at the grain boundaries, was confirmed by energy-dispersive spectroscopy (EDS) analysis [34] . In another study, the density of KCN doped (K 0.5 Na 0.5 )(Nb 0.94 Sb 0.04 )O 3 ceramics was found to increase with ZnO addition up to 0.8 mol% ZnO addition [62] . However, Sn-doping promoted densification of KNN ceramics by inhibiting the grain growth/coarsening, unlike Zn 2+ and/or Cu 2+ doped ones [39] . Since piezoceramics with larger grain sizes are not desired, Sn-doping was used to prevent the abnormal grain growth in Zn-doped KNN-KCN ceramics. Therefore, it was concluded that the eutectic reaction between ZnO and KCN and the prevention of abnormal grain growth by Sn-doping were responsible for the improvement in the sintered densities and reproducibility in KNN-KCN ceramics as compared to the undoped ones in wide sintering temperatures [66] . Moreover, small peaks from KCN were detected in the XRD patterns (not shown here) of KNN-KCN and KNN-KCN-ZnSn ceramics sintered at their optimum sintering temperatures. However, KCN phase was not observed in microstructures as mentioned in our previous work. Matsubara et al. [60] also reported the presence of uniformly distributed Cu ions throughout the microstructure despite detectable KCN phase in XRD pattern in the presence of 0.5 mol% KCN. The non-zero and independent elasto-piezo-dielectric coefficients of the undoped and Zn,Sn-doped KNN-KCN piezoceramics sintered at their optimum sintering temperatures are given in Table 1 . A low dielectric loss (tan δ) together with a high mechanical quality factor (Q m ) were one of the most important indications of a 
The hard character in the KNN piezoceramics is caused by the formation of oxygen vacancies (V and elastic compliances (s E i j ) were not observed with the co-doping. There are intrinsic and extrinsic contributions to the overall dielectric, piezoelectric and electromechanical properties. While the intrinsic contributions are related to the ions in the crystal lattice, extrinsic contributions come from domain wall vibration, domain wall motion and domain switching [79, 80] . In order to understand how dielectric, piezoelectric and elastic properties of KNN-KCN based piezoceramics change, both the presence of the point defects and domain wall contributions have to be taken into account. Cu-doping, undoubtedly, affected the dynamics of the domain wall motion because it resulted in hard-type behaviour in KNN. In this study, it was assumed that Zn and Sn co-doping enhanced hard character in KNN-KCN piezoceramics by defect complex formations. The dielectric and piezoelectric properties of piezoceramics were expected to decrease as a result of the decrease in domain wall mobility due to the interaction of domain walls with oxygen vacancy involving defect complexes. As a matter of fact, lower dielectric constant, dielectric and mechanical losses were taken as the evidences of hardening in KNN-KCN with Zn,Sn co-doping. However, the piezoelectric and electromechanical properties of KNN-KCN piezoceramic did not decrease in the presence of Zn,Sn co-doping as expected. Therefore, the effect of other factors on the domain wall dynamics such as non-linear behaviour, poling efficiency and bias field of KNN-KCN based piezoceramics should be taken into consideration. Unfortunately, detailed experimental study about the domain configuration and domain dynamics that affect the intrinsic and extrinsic response of KNN-KCN based piezoceramics in literature is scarce.
Electromechanical coupling coefficients (k p and k i j : k 31 , k 15 , k 33 ), which are material parameters related to the conversion efficiency of electrical energy into mechanical energy or vice versa in piezoelectric materials, were measured as well. The longitudinal electromechanical coupling coefficients (k 33 ) were estimated from Eq. 4 [81] :
Those coefficients were estimated as k p = 0.35 and 0.39, k 31 = 0.2 and 0.23, k 33 = 0.55, k 15 = 0.44 and 0.46 for the undoped and Zn,Sn co-doped KNN-KCN ceramics, respectively. However, just knowing the coupling coefficients (k i j ) was not enough for the evaluation of the efficiency of transduction, because the electrical and mechanical losses in a piezoceramics also play a crucial role in the performance of the transducer during operation. Therefore, the figure of merit of piezoceramics, defined as k 2 33 · Q m , is usually taken as a material selection criterion for high power ultrasonic applications for devices working at resonance frequencies i.e. sonar, ultrasonic cutter, piezoelectric transformer, accelerometer etc. [1, 28, 82] . In addition, other electrical and elec- [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] tromechanical coefficients, such as d i j , ε T 33 , s E i j , which are interrelated to k i j , must also be taken into account for the sake of a better material selection to be used in designing of a high-power ultrasonic device. Thereby, derived material parameters, such as acoustic power density (P aco ) and vibration velocity (v 0 ) as shown in Eqs. 5 and 6, were calculated to compare the high-power characteristics of piezoelectric materials [27, 28] :
where f r is the resonance frequency and E is the driving electric field. For instance, higher P aco and/or v 0 values mean that a higher power output could be obtained from the ultrasonic transducer working at resonance frequencies made from these materials. Table 2 compares the high-power characteristics of PZT4, KNN-KCN and KNN-KCN-ZnSn piezoceramics with each other, which were assumed to operate under identical conditions. In these calculations non-linearities in the proper- ties of piezoceramics, usually seen when a certain electric field value was exceeded, were neglected [83] . A higher k 2 i j · Q m figure of merit value was obtained for KNN-KCN-ZnSn piezoceramics because of its higher Q m value. Even though lead-based PZT4 piezoceramics seem to be a better candidate for a high-power ultrasonic application, due to their higher dielectric constants and, therefore, higher P aco values, it is important that the piezoceramics possess a hard character to keep their electrical and mechanical losses (tan δ and tan δ m ) low enough when driven under high electric fields, in other words, at high vibration velocities [84] . Lead-free hard Cu-doped KNN based and Mn-doped NBT based piezoceramics were reported to exhibit a better highpower performance as compared to hard PZTs [84, 85] . Based on the calculated vibration velocity values given in Table 2 , the high-power characteristic of the lead-free KNN-KCN-ZnSn ceramics was found to be comparable to that of lead-based PZT4. Moreover, electrical (P loss ) or mechanical (W loss ) losses may result in generation of heat in the piezoelectric materials during vibration at the resonance frequencies. These losses per unit volume were calculated using Eqs. 7 and 8:
where X is the mechanical stress and f is the frequency. Piezoelectric ceramics dissipate energy in the form of heat which is proportional to ε T 33 ·tan δ or s E i j /Q m . Therefore, at identical frequency, stress and electric field values, the power losses in lead-free KNN-KCN based ceramics were much lower than those of lead-based PZT4. The power losses are critical during service because they may lead to a temperature rise in the device, which at the end may have a detrimental effect on the piezoelectric ceramics, like degradation of the electrical properties or even de-poling. Gradual or sharp increases in both dielectric constant and dielectric loss due to the temperature rise mainly originate from internal friction in a piezoceramics during operation. Hence, the dependence of dielectric properties on temperature has to be taken into account to make a device that has enough thermal stability within operating temperatures. It is known that KNN-KCN piezoceramics possess a better thermal stability as compared to hard PZT ones [26] . Figure 1a showed the variations of k p and dielectric constant of KNN-KCN-ZnSn ceramics as a function of temperature between room temperature and 300°C. Electromechanical properties of KNN-KCN-ZnSn were stable up to its orthorhombic to tetragonal phase transition temperature (T O→T > 200°C) where a dielectric anomaly was observed. In other words, the safe operation temperature window of KNN-KCN-ZnSn was upper bound by its orthorhombic to tetragonal phase transition temperature. However, it is almost impossible for PZT4 ceramics to maintain their high electromechanical properties up to ∼200°C as KNN-KCN-ZnSn piezo-ceramics [26] . Therefore, it is concluded that KNN-KCN-ZnSn piezoceramics obviously exhibit a better thermal stability and low power loss behaviour as compared to PZT4. It was found that Zn,Sn co-doping not only decreased the sintering temperature by 40°C, but also made KNN-KCN piezoceramics better candidate for high-power ultrasonic applications [67] . Therefore, a Langevin type prototype device was fabricated from KNN-KCN-ZnSn piezoceramics to test its potential as a lead-free piezoelectric material for a high-power ultrasonic cutting application.
In Fig. 1b the modelled and experimentally measured impedance spectra of a poled KNN-KCN-ZnSn disc with standard geometry (diameter/thickness ratio ≈ 17) are compared with each other. The first peak in the spectrum corresponds to the fundamental radial mode vibrations with again radial harmonic overtones up to ∼2 MHz. The second peak to the right corresponds to the fundamental thickness mode vibrations. These were the two main characteristic peaks observed in the impedance spectrum of a poled standard disc sample. The modelled and experimentally measured spectra were so much consistent with each other that the difference between both resonance and anti-resonance frequencies ( f r and f a ) either by simulation or experimental were lower than 3%. The compatibility of modelling and experimental results heavily depended on the accuracy of material input data required for FEA software. Therefore, it was crucial to have reproducible and reliable material parameters. The impedance spectrum was simulated from the measured electrical and electromechanical coefficients given in Table 1 .
IV. Prototype device -modelling and fabrication
In this study, bolt clamped Langevin type ultrasonic cutting device operating at ∼40 kHz working frequency was modelled in order to compare the effect of type of hard lead-based PZT and lead-free KNN-KCN based piezoceramics on the efficiency of longitudinal ultrasonic energy transfer from the transducer. The cross sectional view (one quarter) of a prototype ultrasonic transducer design with its dimensions in millimetres is given in Fig. 2 . The prototype device consisted of sixring shaped piezoceramics sandwiched between a steel back mass and an aluminium front mass by a steel prestressed screw bolt. Meanwhile, high density steel back mass and low density aluminium front mass (horn) were used for the sake of efficient transfer of longitudinal ultrasonic energy from piezoelectric elements into the tip of horn. It was obvious that motion mainly in the xdirection at the tip of horn was desired for a good axial ultrasonic cutting process. Besides, in order to amplify the longitudinal displacement in the x-direction, the front mass was particularly designed as a stepped horn, since the gain was found to be proportional to the square of the input and output end diameter ratio of the horn [86] . The stepped horn was known to give the largest displacement amplification (high gain) among the horns, such as exponentially, conically, cantenoidal tapered or parametric curved horns [87] . Furthermore, the aluminium horn had a flange so that the transducer could be fixed. Those flanges were designed to be the nodal points during operation of the transducer. The outer and inner diameters of the 2 mm thick ceramic rings were 18 mm and 7 mm, respectively. The material properties used in simulation of the whole assembly (transducer) were as follows: elastic modulus, Poisson's ratio and density for AISI/SAE 4140 steel were Y = 210 GPa, ν = 0.285, ρ = 7800 kg/m 3 and for 7075 aluminium were Y = 71.4 GPa, ν = 0.344, ρ = 2780 kg/m 3 , respectively. Thin copper foils which were 100 µm thick were used in the assembly but neglected during finite element modelling. The transducer design was optimized by systematically changing the design parameters, such as dimensions and number of ceramic rings, length of screw bolt and/or back mass etc. as shown in Fig. 2 [65] . Maximum displacement at the tip of the horn and maximum effective electromechanical coupling coefficient
2 ) 1/2 ) of the transducer, were taken into account to design a transducer at 40 kHz working frequency (details are not shown here). The same design as given in Fig. 2 was used for making prototype ultrasonic transducers from lead-based PZT-4 piezoceramics (abbreviated as P-6) and lead-free KNN-KCNZnSn piezoceramics (abbreviated as K-6).
Impedance spectra of the transducers in the range from 1 to 100 kHz were simulated by FEA as shown in Fig. 3 . Frequency intervals were 660 Hz for 1-100 kHz range and 40 Hz for 30-50 kHz range, respectively. In both designs three different resonance peaks were present in the spectra in the range from 1 to 100 kHz frequency. The first resonance peaks were found to be at 39.35 kHz and 37.25 kHz for K-6 and P-6 transducers, respectively, which were known as the fundamental resonance frequencies ( f r ). It is confirmed by harmonic analysis that the resonance peaks observed at higher frequencies between 60-70 kHz and 90-95 kHz in both designs were mainly associated with fluttering of flange. 
and (e-f) total displacement mode shapes compared with original mesh for BLTs of K-6 and P-6, respectively Figure 4 is given to compare the simulated displacement contour plots at fundamental resonance frequencies of K-6 and P-6 transducers. In Fig. 4a ,b, dark red regions at the tip of the horns refer to maximum displacements in the positive x-direction, whereas navy regions at the end of back masses and head of screw bolts refer to maximum displacements in the negative x-direction. Displacement scales in the respective directions are shown on the right-side of the figures. Maximum displacements for transducers in the positive and negative x-directions were 0.78 µm and −0.17 µm at the fundamental resonance frequency of f r = 39.35 kHz (for K-6) and 1.56 µm and −0.38 µm at the fundamental resonance frequency of f r = 37.25 kHz (for P-6), respectively. These simulations were carried out assuming electrical potential difference of 1 V. The displacements in the positive x-direction for both transducers are approximately four times greater than those in the negative x-direction. In other words, the largest x-displacements are mainly observed at the tips of the horns, as wanted. In Fig. 4c,d , navy regions refer to maximum displacements in the negative y-direction while dark red regions refer to maximum displacements in the positive y-direction. Maximum displacements in the negative ydirections were −0.065 µm and −0.13 µm at fundamental resonance frequencies, f r of K-6 and P-6 transducers, respectively. Moreover, the displacement values in the negative y-direction are much bigger than those in the positive y-directions. Besides, the ratio of maximum displacement in the x-direction to that in the y-direction is approximately between 10 and 12 for both transducers. Displacement in the x-direction was desired rather than any other directions for the sake of effective longitudinal cutting action. In Fig. 4e ,f, total displacement mode shapes are compared with original meshes (shown as white colour) for K-6 and P-6 transducers driven at their respective fundamental frequencies f r . Total displacement mode shapes observed mainly in the positive x-directions at the tips of the horns are a good indication of virtually pure longitudinal motion. Much lower displacements at the back mass and flange in comparison to the one at the tip of horn meant that the acoustic power due to the resonance vibration of piezoceramics was being transmitted effectively into the tips of the horn (in the x-direction) during the operation.
Meanwhile, the total displacement in P-6 transducer was higher than that of K-6 one as expected. Because k e f f values, which were related to energy transduction of transducers, were calculated from the simulated fundamental resonance peaks and were found to be 0.21 and 0.32 for K-6 and P-6, respectively. Owing to the two times bigger total displacements at the tips, P-6 transducer clearly have an advantage over K-6 one for the ultrasonic cutting process. However, superior thermal stability and lower power loss characteristics of KNN-KCN based piezoceramics over those of hard PZT, make it a good alternative candidate to be used as piezoceramic in devices requiring long term use. In addition, higher displacement in the flange of P-6 transducers (Fig. 4f) may be a disadvantage which needs to be fixed during service. That is, dimensions given only by looking at the displacement at the tip of horn is not enough to state that PZT based P-6 transducer is more suitable than KNN based K-6 one for cutting applications. However, it would be more appropriate to study the thermal Figure 6 . Comparison of simulated and experimentally measured impedance-frequency spectra of BLTslead-free K-6 (a) and lead-based P-6 (b) stability of the KNN-KCN-ZnSn and PZT4 based transducers during service to see the overall advantage and which piezoceramics is more convenient. The parts used in making a Langevin type ultrasonic device before assembling are shown in Fig. 5a . Two different types of horn were made. Bare horn which is the one used in modelling of the transducers as shown in Fig. 5b . The other is the holder horn with a stainless steel hobby blade attached to the vertical groove at the aluminium tip, which was used as the horn for cutting. The groove is 18 mm in length and 0.6 mm in width. There is a cylindrical relief about 2 mm in diameter at back end of the groove and a perpendicular M2.5 screw hole in the middle of the groove for clamping the blade. The prototype ultrasonic cutting device made of KNN-KCN-ZnSn piezoceramics is shown in Fig. 5c .
In Fig. 6 , measured impedance-frequency spectra for K-6 and P-6 BLTs are compared with the simulated ones. The experimentally measured resonance and antiresonance peaks of both BLTs were found to be at lower frequencies in comparison to that obtained by simulation. Measured and simulated fundamental resonance frequencies were 33.1 and 39.3 kHz for K-6 transducer, whereas they were 30 and 37.2 kHz for P-6 transducer, respectively. The differences in fundamental resonance frequencies were approximately 16% and 20% for K-6 and P-6 transducers, respectively. The agreement or disagreement between measured and simulated impedance spectra depends on several factors, e.g. dimensional tolerances in the ceramic and metal parts, consistency and reliability in full set of material parameters which were required for FEA and/or applied torque to pre-stress the bolt that holds the whole assembly together etc. Even though a torque has to be applied to a level at which the position and the intensity of the resonance and antiresonance peaks become stationary, due to the cracking of piezoceramic rings a torque value of 7 Nm could not be exceeded. Premature crack formation in piezoceramics before optimum torque value was reached may be related to the non-uniform stress distribution in the Figure 7 . The displacement measurement system at the tip of the horn at working frequency of BLTs individual ceramics rings due to the lack of perfect parallelism of ceramic rings. Therefore, unfortunately a perfect match, like the one shown in Fig. 1b , between experimentally found and simulated fundamental impedance peaks of BLTs could not be achieved in this study. However, the obtained results were a good guide for the transducer design.
Transducer characterizations were done by measuring the displacements at the tip of the horn at working resonance frequencies using the system as shown in Fig. 7 . In the same figure, devices and their connections were shown in detail, as well. With the shown setup, non-contact displacement measurements could be done up to 150 kHz in high resolution. First, a low peak-to-peak sinusoidal voltage (V p-p ) waveform was created via a function generator and then it was amplified by using a high frequency power amplifier. The applied high V p-p voltage ranging from 40 V to 100 V was used to drive the K-6 or P-6 transducers. Meanwhile, voltage versus time data from photonic sensor were recorded by an oscilloscope together with the applied sinusoidal waveform, simultaneously. Finally, the peak-to-peak displacements (x p-p ) in µm were calculated by multiplying the voltage data by the calibration constant of the used fiber-optic probe. Figure 8 shows the x p-p vs. time graphs of K-6 and P-6 transducers driven between 40 and 100 V peak-topeak voltages. It was found that the x p-p values at the tip of the horns increased with increasing amplification level. The measured x p-p at the tip of the horn at 100 V reached 45.6 µm and 67.8 µm for K-6 and P-6 transducers, respectively. The x p-p value of PZT based transducer was higher than that of KNN based one as expected. This experimental finding is consistent with the result of FEA. On the other hand, it was found that the dependency of peak-to-peak displacement of K6 transducer on the driving potential level was stronger than that of P6 ones.
For instance, the ratio of measured x p-p of K-6 to that of P-6 transducer was found to be approximately 0.4, 0.5, 0.6 and 0.7 at 40 V, 60 V, 80 V and 100 V, respectively. However, in simulation it was assumed that displacement was proportional to the magnitude of the electrical potential. So, discrepancy between experimental and simulation results may be related to nonlinearities observed in piezoelectric materials [80] . Compared to both soft and hard PZT transducers, lead-free CuO doped KNN transducers with smaller nonlinear coefficients were reported to exhibit a better voltage stability [88] . Besides, internal heating of P-6 transducer due to the electrical losses was relatively higher as compared to K-6 transducer when driven continuously, especially at high voltages. That was probably due to the better thermal stability of KNN-KCN piezoceramics than that of hard PZT [26, 54] . Generally speaking, the power dissipation in the form of temperature rise during operation was one of the main reasons of transducer failures at high duty cycles [89] . Therefore, it is suggested that long-term performance of transducers under various conditions, such as mechanical stress, driving electric fields etc. should be studied as well as at different working temperatures. Figure 9 compares fundamental impedance peaks of the K-6 lead-free BLT and the ultrasonic cutting device with and without attached blade. It was observed that the fundamental resonance frequency of the K-6 transducer with bare horn shifted from 33.1 kHz to 34.4 kHz in the presence of a vertical groove and a screw hole. Conversely, the fundamental resonance frequency of the ultrasonic cutting device shifted to 30.95 kHz when a cutting blade was clamped to the tip of the horn together with a clamping bolt, nut and washer. A decrease or increase in total mass of the device was responsible for the shifting of the resonance frequency [90] . Meanwhile, spurious resonance peaks observed at frequencies above 37.5 kHz from ultrasonic cutting device with a clamped blade were probably due to the clamping of the blade by bolt, nut and washer. Fortunately, the fundamental peak of the device was clear and far from those spurious peaks. As a demonstration, ultrasonic cutting of plastic and ceramic materials was carried out using a lead-free KNN-KCN-ZnSn based prototype device which was driven at 30.5 kHz sinusoidal wave whose peak-to-peak voltage was V p-p = 150 V. Experimental setup showing how the ultrasonic cutting was done is shown in Fig.  10a ,b. The device was held as its flange on the horn by a rubber lined Munsen ring. The frames captured in the first four seconds of plastic cutting were shown in Fig.  10c . A piece of thermoplastic material (polystyrene) 2 cm wide was cut in a short time period due to the high-frequency vibration in the blade. Relatively low vibration amplitude was created when a high-frequency AC electric field was applied to a piezoceramic stack. However, Langevin type bolt-clamped transducers were not only magnifying vibration amplitudes but also effectively transferring it to the blade.
Owing to the axial oscillation of the blade (theoretically ∼30,000 times per second), local melting took place at the contact regions between the vibrating blade and thermoplastic material. Therefore, the cutting process was quickly and easily accomplished without the need for an extra force. Conventional cutting of plastic material with a craft knife was a difficult task compared to cutting with the ultrasonic cutter. Video showing the ultrasonic cutting of the plastic material is given as Supplementary material (Video 1 § ). Ultrasonic cutting of a notch on a PZT4 ceramic ring was also done. To speed up the cutting process a relatively soft ceramic was chosen. Diamond polishing suspension (Leco, LE 811-504-008) was used to ease the cutting process (see Fig. 10d ). Ceramic cutting with the ultrasonic cutting device is given as Supplementary material (Video 2 † ). General and close-up images of notched PZT4 ceramic rings after about 2 min-utes of cutting were shown in Fig. 10e ,f. Even though the cutting of the ceramics was proceeded without any problem with the craft knife, it is suggested that a harder blade would give a better cutting performance. All these results demonstrate that lead-free KNN-KCN based piezoceramics could be used as active elements for high-power ultrasonic cutting applications instead of lead-based PZT counterparts. Especially, ZnO + SnO 2 co-doped KNN-KCN piezoceramics are potential leadfree piezoelectric candidates to be used in high power applications due to their hard piezoelectric properties.
V. Conclusions
Modelling, fabrication and characterization of ecofriendly hard lead-free KNN piezoceramics based BLT for high-power ultrasonic cutting prototype device were done for the first time in this study. In this respect, dense KNN-KCN piezoceramics were sintered at lower temperatures by Zn,Sn co-doping. Moreover, hard piezoelectric properties required for high-power applications of KNN-KCN piezoceramics were enhanced in the presence of ZnO and SnO 2 . The electrical and mechanical losses in the undoped KNN-KCN were low with Zn 2+ and Sn 4+ ions as well as Cu 2+ ions doping probably due to the formation of more oxygen vacancies, V
••
O . In addition, Zn,Sn co-doped KNN-KCN piezoceramics were found to have comparable high-power characteristics and even better thermal stability than those of hard PZT ones. Lead-free and lead-based BLTs with working frequencies between 30 and 40 kHz were designed via ATILA FEA software and then a prototype BLT was made for the ultrasonic cutting process. Both simulated and experimentally measured results showed that the longitudinal displacement, at ∼30 kHz at the tip of the horn of a BLT made from lead-free KNN-KCN-ZnSn piezoceramics, was comparable to that of a PZT4 based BLT. Then, the prototype BLT was further modified to be an ultrasonic cutting device. The cutting performance on the plastic and ceramic materials was tested qualitatively. It was confirmed that KNN-KCN-ZnSn piezoceramics were good lead-free active elements alternative to lead-based PZT counterparts for high-power BLT ultrasonic applications. In conclusion, the novelty of this study was the fabrication and characterization of a working prototype that can be used as an ultrasonic cutting device made from compositionally modified hard lead-free KNN-KCN piezoceramics and finite element modelling of it.
